How and when sensory hair cells acquire the remarkable ability to detect and transmit mechanical information carried by sound and head movements has not been illuminated. Previously, we defined the onset of mechanotransduction in embryonic hair cells of mouse vestibular organs to be at approximately embryonic day 16 (E16). Here we examine the functional maturation of hair cells in intact sensory epithelia excised from the inner ears of embryonic mice. Hair cells were studied at stages between E14 and postnatal day 2 using the whole-cell, tight-seal recording technique. We tracked the developmental acquisition of four voltage-dependent conductances. We found a delayed rectifier potassium conductance that appeared as early as E14 and grew in amplitude over the subsequent prenatal week. Interestingly, we also found a low-voltage-activated potassium conductance present at E18, ϳ1 week earlier than reported previously. An inward rectifier conductance appeared at approximately E15 and doubled in size over the next few days. We also noted transient expression of a voltage-gated sodium conductance that peaked between E16 and E18 and then declined to near zero at birth. We propose that hair cells undergo a stereotyped developmental pattern of ion channel acquisition and that the precise pattern may underlie other developmental processes such as synaptogenesis and functional differentiation into type I and type II hair cells. In addition, we find that the developmental acquisition of basolateral conductances shapes the hair cell receptor potential and therefore comprises an important step in the signal cascade from mechanotransduction to neurotransmission.
Introduction
Sensory signaling in mechanosensitive hair cells of the mammalian inner ear requires a host of ionic conductances, the significance of which has been underscored recently by the finding that disruption of several classes of ion channel genes, including calcium and potassium channels, causes deafness and balance deficits in humans and mice (Neyroud et al., 1997; Holt and Corey, 1999; Kubisch et al., 1999; Platzer et al., 2000) . Despite recent advances in the genetics of inner ear dysfunction, there has been little progress toward understanding the pathophysiology of congenital hearing and balance disorders. Morphological and physiological hair cell development have been well documented over the first postnatal week in mammals (for review, see Eatock and Hurley, 2003) , but little is known about functional hair cell development before birth. We recently solved part of the puzzle by demonstrating the concurrent acquisition of hair cell transduction elements and fully functional mechanosensitivity at approximately embryonic day 16 (E16) (Géléoc and Holt, 2003) . Expanding on that study, we investigated the developmental acquisition of voltage-dependent conductances in embryonic mouse vestibular hair cells and examined their impact on the hair cell receptor potential.
In the vestibular sensory epithelium, hair cells first appear at approximately E12 (Ruben, 1967) , and small hair bundles are apparent as early as E14 (Denman-Johnson and Forge, 1999) . Biphasic growth in the number of hair cells suggests that a second wave of hair cells is produced at approximately E15 (Mbiene et al., 1984; Denman-Johnson and Forge, 1999) . A host of morphological changes ensue. Stereocilia, which comprise the mechanosensitive hair bundle, grow in length at a rate of ϳ1 m/d up to ϳ10 m and establish a staircase array of heights. Concurrently, the kinocilium grows and is eccentrically placed establishing hair bundle polarity and orientation. Bouton synaptic contacts between hair cells and afferent nerve fibers form as early as E15 (Mbiene et al., 1988) , which is presumably followed by functional synaptogenesis. Calyceal afferent endings and morphological differentiation into flask-shaped type I cells begin to take shape several days before birth.
Electrophysiological maturation has been documented in neonatal mouse cochlear hair cells (Kros et al., 1998; Marcotti et al., , 2003 , neonatal chick vestibular cells (Sokolowski et al., 1993; Masetto et al., 2000) , and postnatal mouse vestibular cells (Rüsch et al., 1998) . At birth, mouse vestibular hair cells express a conventional delayed rectifier conductance (G DR ), as well as a fast chosen for the study, its hair bundle morphology, cell shape, position along the epithelium, and the presence of a partial afferent contact was noted. Positive pressure was maintained as the recording pipette was lowered into the epithelium. When the pipette touched the membrane, positive pressure was released and a tight seal formed on the basolateral membrane of the cell. Recordings were obtained at room temperature (22-24°C). The cells were held at Ϫ64 mV, and data were acquired using the whole-cell tight-seal technique in both voltage-clamp and currentclamp modes using an Axopatch multiclamp 200B amplifier (Axon Instruments, Foster City, CA), filtered at 1 kHz with a low-pass Bessel filter, digitized at 5 kHz with a 12-bit acquisition board, and collected using pClamp 8.0 software (Axon Instruments). Voltage protocols are described for each experiment. Not all protocols were run on every cell.
Analysis. Data analysis was performed using Origin 7.1 (Microcal Software, Northampton, MA). Series resistance (R s ) and whole-cell capacitance (C m ) were read from the amplifier after electronic subtraction of capacitive transients. Membrane potentials were corrected offline for series resistance and for liquid junction potential (Ϫ4 mV). Results are presented as means Ϯ SD unless noted otherwise. n values represent subsets of the total 126 cells examined for which data were available, as specified in Results.
We fitted the instantaneous current ( I) as a function of time (t) carried by the outward rectifiers G DR and G K,L with an equation used by Rüsch et al. (1998) to describe the sigmoidal current activation in postnatal utricle cells:
I ϱ is the steady-state current, I 0 is the current at time 0, and 2 and 1 are time constants that describe the sigmoidal onset and approach to steadystate, respectively. Activation curves and inactivation curves were fitted where conductance ( G) as function of membrane potential (V m ) was described by a Boltzmann equation of the following form:
G max and G min are the maximum and minimum conductances, respectively. V 1/2 is the midpoint of the curve at which half of the conductance is activated, and s is the slope of the curve at the midpoint. Sodium I-V relationships were fitted with an equation used previously to describe sodium currents in rat outer hair cells (Oliver et al., 1997) , where V rev is the sodium reversal potential:
Results
Because tracking the electrophysiological maturation of individual hair cells as a function of embryonic development is not feasible, we opted to study populations of cells at several developmental stages. We suspect that the mean temporal patterns of ion channel acquisition in our populations are representative of the pattern through which individual cells mature. To ensure that we sampled as uniform a population as possible, we selected cells from the central region that had healthy cell bodies (i.e., lacked swelling and Brownian motion) and intact hair bundles of sufficient size that they could be conclusively determined to be members of the first wave of differentiation. Hair cells appear in two waves, with the first wave appearing in the central region at approximately E12 and the second wave appearing at approximately E15 and expanding to include the peripheral regions (Denman-Johnson and Forge, 1999). Consis-tent with that notion, we observed hair bundles of relatively uniform height at E15 (2.3 Ϯ 0.4 m; n ϭ 48) throughout the central region (Fig. 1 A) . By E17, a bimodal distribution of hair bundle heights, charted in Figure 1C , suggested that a second population of hair cells had emerged (Fig. 1 B) . The taller bundles (6.6 Ϯ 0.7 m; n ϭ 26) presumably reflected the more advanced bundle growth of the older, first wave of hair cells and were found only in the central region. The shorter bundles (2.6 Ϯ 0.9 m; n ϭ 28), which were likely the result of the younger, second wave of hair cell differentiation, were found throughout the sensory epithelium (Fig. 1C) but at greater density in the peripheral zone (data not shown). This distinction was also apparent with the DIC optics used to view the intact sensory epithelium in our recording paradigm. When viewed from above, the taller hair bundles of the older cells were easily distinguished by the greater range required to focus through the entire hair bundle from the cuticular plate to the tip of the tallest stereocilium.
Using location and bundle height as a guide, we recorded from 126 cells at stages that ranged from E14 to P1. These 126 cells were selected for analysis because they met the following criteria: the seal resistance was stable over the duration of the recording, and each cell had either an input resistance of Ͼ500 M⍀ or a zerocurrent potential negative to Ϫ30 mV. The selection criteria were designed to allow for inclusion of immature cells that had depolarized resting potentials and cells with large conductances active at rest (i.e., low input resistances) but to exclude data from poor quality recordings: unstable seal resistances or both a low input resistance and a depolarized resting potential.
We charted several membrane properties as a function of developmental stage in the absence of stimulation. Figure 2 A shows that the whole-cell capacitance increased as a function of embryonic age from a mean of 3.3 Ϯ 1.1 pF (n ϭ 6) at E15 to 5.0 Ϯ 1.3 pF (n ϭ 16) after birth. The data were fit with a linear regression with a slope of 0.3 pF/d, which closely parallels the increased capacitance expected from an average growth rate of ϳ1 m/d (Denman-Johnson and Forge, 1999) for ϳ50 stereocilia with diameters of 0.2 m. At the same time, the zero-current potential, a good indicator of resting potential, became more negative between E14 and E19, ranging between Ϫ36 Ϯ 11 mV (n ϭ 3) and Ϫ60 Ϯ 12 mV (n ϭ 16), respectively (Fig. 2 B) .
Input resistance (R IN ), an indicator of cell membrane resistance and the number of channels open at rest, did not vary as a function of age with the exception that, at E18 or older, a significant fraction (28 of 82) of the cells had a very low input resistance (Ͻ200 M⍀). Figure 2C revealed a bimodal distribution of input resistances: the mean R IN for the 28 low R IN cells was 55 Ϯ 41 M⍀, whereas the R IN for the remaining cells was 1390 Ϯ 830 M⍀ (n ϭ 98). As will be demonstrated in the following sections, the low R IN was strongly correlated with the acquisition of a low-voltageactivated potassium conductance that was active at the holding potential of Ϫ64 mV. Figure 3A shows representative families of currents recorded at developmental stages between E14 and E19. The currents were evoked by 100 msec voltage steps that ranged from the holding potential of Ϫ64 to ϩ 36 mV in 20 mV increments. Small outward currents that activated with depolarization and deactivated with hyperpolarization were apparent as early as E14 (ϳ300 pA at 36 mV) but became progressively larger at later developmental stages: up to 4 nA at E19. Steady-state currents from each of the current families shown in Figure 3A were sampled at the end of the voltage step (99 msecs) and were used to generate the I-V relationships shown in Figure 3B . The I-V relationships revealed an increase in the current magnitude at all membrane potentials tested, suggesting a significant developmental increase in current expression. To identify the ion species that carried the currents, we estimated reversal potential using a voltage protocol that stepped to 16 mV to maximally activate the outward current, followed by a family of voltage steps to potentials from Ϫ124 to Ϫ14 mV. We used the current values immediately after the hyperpolarizing steps to generate instantaneous I-V relationships (data not shown). The zero-current potential of the instantaneous I-V relationships was taken as the reversal potential. We observed no systematic variation in reversal potential as a function of development and thus pooled the data to yield a mean reversal potential of Ϫ71 Ϯ 10 mV (n ϭ 18), similar to the Nernst potential for potassium (Ϫ81 mV), suggesting that these currents were carried primarily by potassium.
Delayed rectifier conductance
Current activation was well fit (Fig. 3A , E17, gray lines) with an equation used to describe the sigmoidal activation kinetics of delayed rectifier potassium currents in postnatal hair cells (Eq. 1) (Rüsch et al., 1998) . Time constants from the major component of current activation ( 1 ) are plotted as a function of membrane potential in Figure 3C . The kinetics of current activation became more rapid (i.e., smaller time constants) with larger depolarizations, similar to those of delayed rectifiers in postnatal type II hair cells (Rüsch et al., 1998) , but did not vary as a function of development. The mean values ranged from 21 Ϯ 2 msec at Ϫ24 mV to 4.2 Ϯ 0.8 msec at 46 mV (n ϭ 6).
To generate activation curves for the outward current, we used protocols identical to the one shown in Figure 3A . The tail currents at the instant of the step to Ϫ34 mV were divided by the driving force (37 mV) to yield conductance, which was plotted as a function of prepulse potential (Fig. 3D) . The data were fitted with a firstorder Boltzmann equation (Eq. 2) and normalized to facilitate comparison of slope and activation range. We observed no significant difference in the activation range, as determined by the voltage of halfmaximal activation (mean V 1/2 for all cells, Ϫ28.7 Ϯ 5.5 mV; n ϭ 80), nor in the voltage dependence, as determined by the slope factor (mean s for all cells, 6.1 Ϯ 1.7 mV; n ϭ 80). Last, we saw no evidence for inactivating potassium currents in any of 126 embryonic hair cells examined, suggesting that their acquisition occurs postnatally (Holt et al., 1998) .
In summary, the most prominent systematic developmental change in the outward currents was the increase in amplitude, which was apparent in the whole-cell currents, the steady-state I-V relationships, and the whole-cell conductances ( Fig. 3 A, B,E). There was a dramatic increase between E14 and E18, which began to plateau after E18 (data not shown). Because all other properties, including reversal potential, activation kinetics, voltage dependence, and voltage range of activation, were relatively consistent, we conclude that the increase in whole-cell current as a function of age is attributable to the progressive developmental acquisition of a homogeneous voltage-dependent potassium conductance. Furthermore, because the increase in cell capacitance (Fig. 2 A) is accounted for by bundle growth, we assume the basolateral surface area remains relatively constant between E14 and P0, which implies that the increase in whole-cell conductance represents an increase in conductance density. Because a systematic variation in single-channel conductance as a function of age is unlikely, the parsimonious interpretation suggests that the increased density results from an increase in the number of functional potassium channels. Therefore, we suggest that the data can be best explained by the developmental acquisition of a homogeneous variety of voltage-dependent potassium channels with properties similar to the delayed rectifier seen in mature postnatal type II hair cells (Lang and Correia, 1989; Rennie and Ashmore, 1991; Masetto and Correia, 1997; Rüsch et al., 1998; Masetto et al., 2000; Brichta et al., 2002) . However, we cannot exclude the possibility that the channels consist of a consistent ratio of heterogeneous channel subunits whose stoichiometry is tightly regulated.
Low-voltage-activated potassium conductance
We were surprised to note that 28 of 82 E18 to P2 cells revealed evidence of a conductance with striking similarity to the lowvoltage-activated potassium conductance, known as G K,L in mouse hair cells (Rüsch and Eatock, 1996; Rüsch et al., 1998; Chen and Eatock, 2000) and G K1 in avian hair cells (Correia and Lang, 1990; Rennie and Correia, 1994) . Previous reports suggested that G K,L was present only at P4 and later stages (Rüsch et al., 1998) . We observed large instantaneous currents evoked by both hyperpolarization and depolarization, suggesting the presence of a conductance that was active at the holding potential of Ϫ64 mV (Fig. 4 A) . Indeed, these cells also had a very low input resistance (Fig. 2C, dark bars) . Both the large instantaneous currents and the low-input resistance are hallmarks of G K,L . The large inward currents evoked by hyperpolarization decayed toward baseline, presumably as the channels deactivated (Fig.  4 A, B) . Subsequent depolarization activated the currents with sigmoidal kinetics that were well fit by Equation 1 with major time constants ( 1 ) that ranged between 61 and 10 msec (Fig. 4 B, gray lines). Activation curves were generated by sampling the tail currents at the instant of a step to Ϫ34 mV and converting to conductance, which was plotted as a function of prepulse potential (Fig. 4C, open circles) . The data were fitted with a first-order Boltzmann relation (Eq. 2) with a mean V 1/2 of Ϫ62 Ϯ 5.8 mV (n ϭ 28), significantly more negative than the delayed rectifier conductance seen in the rest of the cells (Fig. 4C, filled circles) .
The voltage sensitivity was similar to that of the other cells with a slope factor of 5.9 Ϯ 1.3 mV, and the mean maximal conductance was 27 Ϯ 8 nS. Based on inside-out recordings from postnatal rat type I hair cells, Chen and Eatock (2000) estimated the singlechannel conductance of G K,L was 29 pS. Using their value and our measurement of the whole-cell conductance for G K,L , we estimated that approximately one-third of the E18 -E19 hair cells expressed almost 1000 functional low-voltage-activated potassium channels and perhaps more if the their maximal open probability is less than one.
In postnatal vestibular epithelia, expression of G K,L is highly correlated with type I hair cells (Correia and Lang, 1990; Rennie and Correia, 1994; Ricci et al., 1996; Rüsch and Eatock, 1996; Rüsch et al., 1998) . We found no evidence of G K,L in the 44 cells examined at stages earlier than E18 (Fig. 4 D) ; thus, we wondered whether the presence of G K,L in embryonic hair cells indicated that the functional differentiation of type I hair cells begins at approximately E18. Indeed, some morphological features that characterize type I hair cells, such as a constricted neck region and partial calyces, were correlated with the presence of G K,L . Whereas 22 of 28 cells with G K,L had clear type I morphological features, not all cells with type I morphologies had G K,L . Therefore, we conclude that the functional maturation of type I cells, as indicated by the developmental acquisition of G K,L , begins as early as E18 and proceeds throughout the first postnatal week until at approximately P8, the point at which Rüsch et al. (1998) reported type I cells reach their full adult morphology and physiology.
Inward rectifier conductance
In cells that lacked G K,L , we found that hyperpolarizations from Ϫ64 to potentials between Ϫ84 and Ϫ124 mV evoked an instantaneous current followed by a fast activating inward current that inactivated for the most negative steps (Fig. 5A ). This current was also evident in cells that expressed G K,L , but, because it had a smaller amplitude than G K,L and an activation range that overlapped with G K,L , we restricted our characterization to 106 cells that lacked G K,L . Time constants of single-exponential fits to the time-dependent component of activation ranged from 0.8 to 4.4 msec for steps ranging from Ϫ124 to Ϫ94 mV in 10 mV increments, respectively. After depolarization, the currents deactivated with submillisecond kinetics (data not shown) with properties similar to those described by Rüsch et al. (1998) . The peak I-V relationships (Fig. 5B) revealed pronounced rectification. Estimates of reversal potential confirmed that the currents were carried primarily by potassium. In terms of kinetics, activation range, and potassium selectivity, these currents were similar to those carried by the fast inward rectifier G K1 found in postnatal mouse vestibular hair cells (Rüsch et al., 1998 ) and hair cells of other organs and species (Ohmori, 1984; Fuchs and Evans, 1990; Masetto et al., 1994; Holt and Eatock, 1995; Sugihara and Furukawa, 1996; Marcotti et al., 1999; Brichta et al., 2002) . To estimate the inward rectifier conductance, we used the peak current at Ϫ124 mV divided by driving force (V M Ϫ E 1 ϭ 42 mV). The inward rectifier conductance made its debut at E15 and gradually grew in magnitude over the subsequent neonatal week (Fig. 5C ). Because outward current that flows through G K1 between approximately Ϫ40 mV, the onset of activation, and E K (Ϫ82 mV) has been implicated as having a role in determining hair cell resting potential (Holt and Eatock, 1995; Goodman and Art, 1996) , we were interested to note a correlation between zerocurrent potential and the maximum inward rectifier conductance (Fig. 5D) . A linear regression fitted to a scatter plot of the mean zero-current potential verses the mean G K1 at each embryonic stage had a slope of Ϫ5.1 mV/nS (r ϭ 0.89), suggesting that acquisition of the embryonic inward rectifier shifts the hair cell resting potential toward more mature, hyperpolarized values.
In chick auditory hair cells, fast inward rectifier currents are thought to be carried by channels with a single-channel conductance of 17 pS (Navaratnam et al., 1995) . If the currents in embryonic mouse vestibular cells express channels of similar conductance, it suggests that, by E15, ϳ120 functional channels are assembled, and, over the subsequent week, approximately twice that number became functional. Because inward rectifiers are tetrameric, we suggest that embryonic hair cells are busy manufacturing at least 500 -1000 protein monomers over this period to confer the functional conductance.
We found no evidence for the slow hyperpolarizationactivated inward current I h first described in hair cells by Holt and Eatock (1995) . Indeed, Rüsch et al. (1998) reported that I h only appeared after P3.
Sodium conductance
We often observed small transient inward currents in hair cells at several embryonic stages (Fig. 6 A) . These rapidly activating, rapidly inactivating currents were evoked by step depolarizations positive to Ϫ64 mV that followed 100 msec conditioning steps to Ϫ124 mV. Current activation occurred with submillisecond kinetics and was followed by inactivation with 1-2 msec kinetics. The peak currents were plotted in Figure 6C as a function of step potential and were fitted with Equation 3 used to describe current-voltage relationships for sodium currents in outer hair cells (Oliver et al., 1997) . We wondered whether these currents were carried by sodium or calcium; therefore, we began by replacing bath sodium with the impermeable monovalent cation NMDG ϩ . After sodium replacement, the transient inward currents were 97 Ϯ 3% blocked in the six cells examined (Fig. 6 B) . After washout of NMDG ϩ and return of sodium, the currents recovered to 61% of their original amplitude. We found the currents to be relatively insensitive to TTX. Bath application of TTX at concentrations between 300 nM and 1 mM revealed only a slight decrease in current amplitude in the six cells examined (maximum inhibition, 24%), suggesting that the sodium conductance expressed in embryonic hair cells is TTX resistant, unlike that expressed in mouse auditory hair cells (Marcotti et al., 2003) and chick vestibular hair cells (Masetto et al., 2003) . To estimate the voltage dependence of the sodium conductance activation, we used the peak currents divided by the driving force for sodium (V M Ϫ E Na ). The data were plotted as a function of step potential and fitted with a first-order Boltzmann equation (Eq. 2). Because inactivation followed activation with little delay, the maximal conductance values obtained by this method probably underestimated the true maximal conductance. Therefore, we normal- ized the curves to G Max to facilitate comparison of V 1/2 and slope factors (Fig. 6 D, filled circles). We observed no systematic variation in V 1/2 or s as a function of developmental stage and pooled the data. The mean V 1/2 of activation was Ϫ40 Ϯ 5.3 mV, with a mean slope factor of 4.9 Ϯ 1.2 mV (n ϭ 56). We examined the voltage dependence of inactivation using a step to Ϫ34 mV that followed a family of steps that ranged between Ϫ104 and Ϫ64 mV in 10 mV increments. The peak currents at Ϫ34 mV were converted to conductances, plotted as a function of prepulse potential and fitted with a Boltzmann equation (Fig.  6 D, open circles) . Similar to activation, we noted no developmental variation in the voltage dependence of inactivation: the V 1/2 of inactivation was Ϫ88 Ϯ 6.1 mV, with a slope factor of 6.0 Ϯ 1.7 mV (n ϭ 50). The inactivation curve revealed a conundrum: in contrast to the sodium conductance in auditory hair cells (Marcotti et al., 2003) , the embryonic vestibular sodium conductance was almost entirely inactivated at the typical resting potentials of embryonic hair cells, suggesting that it probably has little impact on the hair cell receptor potential. Further confounding interpretation was the transient expression we observed. Both the number of hair cells expressing the sodium conductance and the conductance magnitude peaked between E16 and E18 and then declined to near zero shortly after birth (Fig. 6 E) . Because we found that expression of the sodium conductance was declining at approximately the same time frame that G K,L expression was rising (E18 to P0), we expected little overlap in these two subsets of embryonic hair cells. Indeed, of the 28 cells with G K,L , only seven expressed G Na .
Transient expression of sodium currents has been documented in auditory hair cells (Evans and Fuchs, 1987; Witt et al., 1994; Oliver et al., 1997; Marcotti et al., 2003) but has not been widely reported in vestibular cells (Masetto et al., 2003) . One preliminary report suggested the presence of TTX-resistant sodium currents in mammalian vestibular hair cells (Rüsch and Eatock, 1997) . In other cell types, TTX-resistant sodium channels have a single-channel conductance of ϳ20 pS (Undrovinas et al., 2002) . If embryonic vestibular hair cell sodium currents are carried by channels with a similar conductance, we estimate that, between E16 and E18, they express as many as 100 functional sodium channels.
Receptor potentials
In the previous sections, we described the developmental acquisition of four distinct conductances: G DR , G K,L , G K1 , and G Na . In this section, we take a different approach and evaluate the contribution of each conductance to the hair cell receptor potential evoked by current steps and previously recorded transduction currents. The transduction currents were recorded in response to ϳ2 m peak-to-peak sine waves (Holt et al., 1997 ) and had amplitudes similar to the mean maximal transduction currents in embryonic hair cells (Géléoc and Holt, 2003) . The aim of this approach was to correlate changes in the receptor potential waveform with the acquisition of each conductance and, in doing so, identify the functional contribution of these four conductances.
We found that the delayed rectifier potassium conductance activated positive to Ϫ40 mV, and its mean amplitude more than tripled between E15 and E19 (Fig. 3E) . Accordingly, we predicted that acquisition of G DR would have little effect on small current injections that did not depolarize the cell positive to Ϫ40 mV. However, our expectation was that, for large depolarizations of sufficient duration ( values of activation ranged from 10 to 20 msec), G DR would activate and repolarize the membrane potential; furthermore, we hypothesized that this effect would be more pronounced at later stages. Indeed, at high frequencies, the depolarizing phase was of insufficient duration, and we noted little difference in the response to 100 Hz transduction currents at E15 and E18 (Fig. 7) . However, at both E15 and E18, we noted that the first cycle of the five cycle burst often had a larger amplitude than the subsequent cycles. We attribute this effect to the cumulative activation of G DR with each cycle, which tended to lower the membrane resistance and in turn attenuated the amplitudes of the peak-to-peak receptor potentials by 5-10 mV. At lower frequencies (10 Hz), activation of G DR within the depolarizing phase of each cycle clearly attenuated the peaks of the receptor potential (large arrows) with a greater reduction in amplitude at later stages (E18). At 1 Hz, the activation kinetics of G DR were faster than the rise time of the current stimuli, and thus G DR clipped the peaks of the depolarizing phase entirely. The greater magnitude . D, An activation curve was generated using the peak currents plotted in C (E16 data) divided by the driving force for Na ϩ . The data (filled circles) were then fit with Boltzmann Equation 2. An inactivation curve for the same cell was derived from the peak currents evoked by a step to Ϫ34 mV, which was preceded by steps to prepulse potentials that ranged from Ϫ124 to Ϫ44 mV. The currents were divided by the Na ϩ driving force, plotted versus prepulse potential, and fit with a Boltzmann relation (open circles). E, The mean Ϯ SD maximal sodium conductance at several developmental stages. The numbers indicate the number of cells with a sodium conductance over the number of cells examined at each stage.
of G DR in the E18 cell is evident in the smaller peak-to-peak amplitude of the receptor potential at 1 Hz: 27 mV as opposed to 35 mV at E15.
Because G K,L was active at rest (V 1/2 of Ϫ62 mV), it had a significant impact on the input resistance and zero-current potential (Fig. 2 B, C) . We predicted that the cells that acquired G K,L at E18 would have more negative resting potentials and that their response to current injections would be attenuated relative to younger cells and cells that lacked G K,L . Figure 7 shows traces at 100, 10, and 1 Hz recorded from an E18 cell that expressed G K,L . As expected, E18 and older cells that had G K,L , had significantly more hyperpolarized resting potentials: Ϫ78 mV as opposed to Ϫ52 mV in the E18 cell that lacked G K,L (Fig. 7) . Furthermore, receptor potential amplitudes at all frequencies tested were significantly reduced in E18 cells with G K,L relative to those that lacked G K,L . In the examples of Figure 7 , the peak-to-peak receptor potential amplitudes at 100 Hz were reduced from 64 to 25 mV in E18 cells without and with G K,L , respectively, and from 52 to 13 mV at 10 Hz. At 1 Hz, the difference was less pronounced because of the significant activation of G DR at the lower frequency: 25 mV for the cell without G K,L as opposed to 13 mV for the cell with G K,L .
In 106 cells that lacked G K,L , the fast inward rectifier G K1 was the dominant membrane conductance active at rest. Consistent with that notion was the observation that acquisition of the inward rectifier conductance between E15 and P0 was highly correlated with a negative shift in the zerocurrent potential (Fig. 5D) . Likewise, we predicted a similar negative shift in resting potential that paralleled acquisition of G K1 . In addition, we predicted that development of G K1 would attenuate the membrane response to hyperpolarizing current injections. Relative to the E15 cell that lacked G K1 , we noted a more hyperpolarized resting potential in the E18 cell, and we often observed repolarization during the hyperpolarizing phase of the receptor potential (Fig. 7, E18 , small arrow, 10 Hz), consistent with activation of an inward rectifier or deactivation of the larger G DR expressed at E18.
In contrast to developing inner hair cells from the organ of Corti (Marcotti et al., 2003) , vestibular hair cells do not exhibit spontaneous sodium-dependent action potentials. Furthermore, because the vestibular hair cell sodium conductance was almost entirely inactivated (Fig. 6 D) at typical resting potentials (range, Ϫ50 to Ϫ70 mV), we predicted that expression of G Na would have little impact on the voltage response to depolarizing current steps from rest. Indeed, when we delivered depolarizing current steps from the resting potential, we were unable to evoke action potentials in any of the 18 cells examined, all of which expressed the embryonic sodium conductance. Figure 8 A shows an example of the typical response to a current step of Ϫ25 pA, which evoked a small passive depolarization (arrow) followed by repolarization that presumably resulted from activation of outward rectifier potassium conductances. We further hypothesized that, if inward current steps were preceded by hyperpolarizing steps, ) . B, The same cell as in A was stimulated with a 15 pA prepulse to hyperpolarize the cell to Ϫ81 mV. Note the small passive depolarization with the step to Ϫ25 pA was similar to that of trace A (small arrows). C, The same cell as in A and B injected with a 100 pA prepulse to hyperpolarize the cell and relieve G Na inactivation. With the step to Ϫ25 pA, the cell evoked spike-like behavior (large arrow). D, Control trace from a different E16 cell. The protocol (below) was identical to that of C. E, The same cell and protocol as shown in D after bath exchange of sodium for NMDG ϩ to confirm the spike behavior was the result of G Na activation. F, A control trace from an E19 cell that lacked G Na and spike behavior. Receptor potentials evoked by injecting previously recorded transduction currents. The transduction currents were recorded from a postnatal day 8, type II hair cell in response to five cycles of 100, 10, and 1 Hz sinusoidal hair bundle deflections (ϳ2 m peak-to-peak). The current amplitudes ranged from Ϫ170 to Ϫ134 pA, similar to the mean maximal transduction current recorded from E17 hair cells (Géléoc and Holt, 2003) . The resting potentials for each series is indicated at the left. Calibration applies to all traces. The top three traces were recorded from an E15 hair cell. The large arrow indicates the repolarizing influence of the delayed rectifier conductance. The middle traces were recorded from an E18 hair cell stimulated at 100, 10, and 1 Hz. The repolarizing influence of delayed rectifier activation (large arrow) and inward rectifier activation (small arrow) are indicated. The bottom three traces were recorded from an E18 hair cell that expressed G K,L . The transduction current stimuli, injected in current-clamp mode, and the sine wave bundle deflections used to evoke them are shown below.
G Na inactivation would be relieved and that, after the inward steps, the membrane would enter a depolarizing phase accentuated by I Na -induced positive feedback. As expected, we found that, when inward steps of Ϫ25 pA were preceded by outward current steps of sufficient magnitude (100 pA) to hyperpolarize the cell negative to approximately Ϫ100 mV, active spike-like behavior with peaks close to 0 mV were evoked (Fig. 8C,D) . That the spikes were the result of an active process rather than a passive depolarization is indicated by the inflection in the membrane potential waveform (Fig. 8C,D, arrows) . The spike behavior was abolished by substitution of external sodium with the impermeable cation NMDG ϩ (Fig. 8 E) , confirming that spike was the result of the sodium conductance activation. Likewise, the spikes were also absent in E19 cells that lacked G Na entirely (Fig. 8 F) .
In an attempt to relieve sodium conductance inactivation under more physiological conditions, we delivered hyperpolarizing current steps of 15 pA, approximately equivalent to that induced by closure of a couple of mechanotransduction channels (i.e., the 5-10% open at rest). This step amplitude was also selected to hyperpolarize the cell to Ϫ81 mV, the potassium equilibrium potential, but not beyond. We reasoned that, under physiological conditions, cells would rarely hyperpolarize negative to E K ϩ.
Step durations of 150 msec (Fig. 8 B) or 300 msec (data not shown) were chosen to allow recovery from inactivation to reach steady state. At Ϫ80 mV, time constants for recovery from hair cell sodium channel inactivation are ϳ42 msec (Masetto et al., 2003) . During depolarization, with a family of currents steps that ranged from Ϫ15 to Ϫ185 pA, the amplitude range of typical mechanotransduction currents, we observed no active spike behavior (Fig.  8 B, arrow) in any of the cells examined, all of which expressed the sodium conductance. Therefore, we conclude that the embryonic sodium conductance in vestibular hair cells does not contribute to the hair cell receptor potential waveform in a physiologically significant manner, which is most likely the result of its negatively shifted inactivation range.
Discussion

A developmental timeline
We characterized the developmental acquisition of four physiologically defined, voltage-gated conductances and, in a previous study (Géléoc and Holt, 2003) , acquisition of the mechanoelectric transduction conductance. In Figure 9 , we present a timeline that charts the developmental acquisition of all five conductances as a function of embryonic age. If we assume that the first wave of hair cell development begins at E12 (Ruben, 1967) and define this as zero, we can chart conductance acquisition as a function of hair cell age (top axis). We hypothesize that hair cell physiological development follows a stereotyped pattern of conductance acquisition as a function of hair cell age, with physiological differentiation into type I and type II cells beginning as early as hair cell age 6 (E18 for first-wave hair cells). To test our hypothesis, we recorded from several cells that were members of the second wave as determined by their shorter bundle height and more peripheral location. The inset shows a family of currents recorded from one such E19 hair cell. The currents revealed evidence of small delayed rectifier, inward rectifier, and sodium conductances, inconsistent with first-wave, E19 hair cells. However, based on its electrophysiological profile, this cell appeared to be approximately hair cell age 3, which would suggest that it was born at approximately E16. This is consistent with the morphological development of the second wave of hair cell maturation, which begins at approximately E15-E16 (Denman-Johnson and Forge, 1999), and supports our notion of a stereotyped pattern of physiological development.
Interestingly, in a previous report, Rüsch et al. (1998) suggested the low-voltage-activated conductance, G K,L , began to appear at approximately postnatal days 3-4. Our data suggest that G K,L begins to appear at E18. We present the following as a possible explanation for the apparent discrepancy. If Rüsch et al. (1998) recorded selectively from hair cells of the second wave, which were born at approximately E16, they would be hair cell age 6 at approximately P3, exactly the hair cell age at which we observed the onset of G K,L expression in first-wave cells (Fig. 9) . Likewise, we found evidence of G K,L expression in some peripheral type I cells at P3 (data not shown). Both observations further support our notion of a stereotyped pattern of hair cell functional maturation.
Molecular identification of hair cell conductances
The precisely defined developmental timeline of membrane conductance acquisition presented in the previous section provides an opportunity for identification of the ion channel genes whose expression underlies the physiologically defined conductances. Ion channel genes with a temporal expression pattern that parallels the conductance acquisition pattern can be advanced to the top of the list of potential candidates, as demonstrated recently for the hair cell transduction channel (Corey et al., 2004) . Whereas channel genes whose expression precedes conductance acquisition cannot be ruled out, those that lag conductance acquisition can be excluded from further consideration.
For example, Holt and Corey (1999) coincide with or precede G K,L expression. If KCNQ expression precedes G K,L , it would raise the possibility that the channel subunits are modified at approximately E18 such that their activation range is shifted to more negative potentials. Modification of a preexisting channel might result from coassembly with ␤ subunits or posttranslational modifications, such as phosphorylation or modulation by second messengers (Chen and Eatock, 2000) .
Receptor potentials
Previous studies of the hair cell receptor potential have used computer models (Hudspeth and Lewis, 1988b; Holt and Eatock, 1995; Catacuzzeno et al., 2003) or pharmacological blockade (Fuchs and Evans, 1990; Masetto et al., 1994; Goodman and Art, 1996; Marcotti et al., 1999) to examine the contributions of ionic conductances. By correlating conductance acquisition with changes in the receptor potential waveform, we have taken an alternative approach to establish a link between each ionic conductance and its specific role in sensory signaling.
We found that the gradual acquisition of G DR between E14 and E19 attenuated the peaks of depolarizations positive to approximately Ϫ40 mV but only for low frequencies, which allowed sufficient time for the relatively slow activation kinetics of G DR . Because of its significant activation at rest, acquisition of G K,L at E18 had a profound impact on resting potential and the amplitude of the receptor potential. Cells that acquired G K,L at E18 and later stages had resting potentials ϳ25 mV more negative and maximal receptor potentials of only 10 -15 mV. In cells that lacked G K,L , gradual acquisition of G K1 between E15 and P0 was correlated with a gradual negative shift in the zero-current potential. In addition, we found that G K1 acquisition attenuated the peaks during the hyperpolarizing phase of the receptor potential waveform.
Last, we conclude that expression of G Na does not have a significant impact on the receptor potential in our in vitro recording conditions. G Na in embryonic vestibular hair cells is almost completely inactivated at typical resting potentials, suggesting that it is physiologically silent, similar to the sodium conductance in outer hair cells (Witt et al., 1994) . However, we cannot exclude the possibility that the in vivo properties differ from those we described in vitro. For example, if the inactivation curve is shifted more positively, a greater proportion of G Na may be available for activation. In cardiac cells, kinases have been shown to shift the voltage dependence of a TTX-resistant sodium conductance (Watson and Gold, 1997; Gold et al., 1998) . Given a similar shift, we demonstrated that G Na in embryonic vestibular hair cells is of sufficient magnitude to evoke spiking behavior akin to that of developing inner hair cells, in which it is hypothesized to be a pacemaker and drive synaptogenesis and functional maturation further downstream in the auditory system (Kros et al., 1998; Marcotti et al., 2003) .
Functional significance
We demonstrated that changes in the conductance expression pattern affect the sensory receptor potential, but whether these changes have functional significance for vestibular system development or they simply represent the sequence through which hair cells must pass on the road to maturity is not clear. Several possible functions come to mind. Innervation of embryonic vestibular epithelia begins as early as E15, and functional synaptogenesis of bouton afferents with type II cells might follow shortly thereafter (Mbiene et al., 1988) . Because vestibular hair cells become mechanosensitive at E17 (Géléoc and Holt, 2003) , we predict that the developmental shift in resting potential to more hyperpolarized values will yield larger transduction currents and, in turn, larger receptor potentials. Together with the self-evident notion that vestibular stimuli impinge on the developing embryo, the possibility exists that sensory-driven receptor potential activity may underlie functional maturation within the vestibular system in a manner similar to but distinct from the stimulus-independent, spontaneous activity proposed to drive development in the auditory (Kros et al., 1998) and visual systems (Shatz, 1996) .
Formation of partial calyces around type I cells were reported as early as E18 (Van De Water et al., 1978) , the same stage that we noted the onset of G K,L expression. This raises an interesting, but reciprocal, question: does calyx formation induce G K,L expression and type I cell differentiation or vise versa? Rüsch et al. (1998) concluded that calyceal endings were not required for G K,L expression based on their observation that G K,L acquisition in deafferented, organotypic cultures from postnatal mouse utricles paralleled the endogenous time course. However, we cannot rule out the possibility that a causal relationship exists: perhaps G K,L expression and type I cell differentiation induces calyx formation. Furthermore, because it has been suggested that K ϩ accumulation in the synaptic cleft may mediate a novel form of synaptic transmission between the type I cell and its afferent calyx (Goldberg, 1996) , the tight temporal correlation we report here raises the possibility that type I synapses may become functional around this time frame.
Summary and conclusion
We demonstrated that hair cells undergo a dramatic period of functional maturation beginning as early as embryonic day 14 in the mouse utricle. Over the subsequent prenatal week, maturing hair cells acquire at least four distinct voltage-gated conductances, G DR , G K,L , G K1 , and G Na , and the mechanotransducer conductance. We present a timeline of conductance acquisition and propose that embryonic hair cells follow a stereotyped pattern of functional maturation. In addition, we find that the physiological differentiation into type I and type II cells begins as early as E18 with the acquisition of the type I specific, low-voltageactivated potassium conductance, G K,L . Other membrane conductances may also be acquired during this time frame, including, but not limited to, voltage-gated calcium (Hudspeth and Lewis, 1988a; Platzer et al., 2000; Bao et al., 2003; Song et al., 2003) and chloride conductances and ligand-gated conductances such as those gated by ATP (for review, see Housley, 2000) , or acetylcholine (Fuchs and Murrow, 1992; Elgoyhen et al., 1994 Elgoyhen et al., , 2001 . Last, we suggest that replication of the physiological profile through which embryonic hair cells develop (Fig. 9 ) in candidate regenerated hair cells (Lawlor et al., 1999; Shou et al., 2003) will help validate their advancement to the enviable status of fully functional hair cell.
